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.2012.12.Abstract Composite surface soil samples (236 samples) were collected from three fodder farms irri-
gated for a long period with the treated sewage efﬂuents or well water through a center pivot system.
The soil of the 1st farm was loamy sand in texture while it was sandy loam for the other two farms, all
were calcareous containing more than 10% of (CaCO3). The average values of EC for the 1st, 2nd
and 3rd farms showed to be 3.48, 2.20 and 2.21 dS m1, respectively. The concentration of Zn was
found to be 28.87 mg kg1 in the 1st farm, while it was 45.96 and 19.51 mg kg1 in the 2nd and 3rd
farms, respectively. The Zn, Cu, Fe and Ni concentrations were higher in the farms irrigated with the
treated sewage efﬂuent than their concentrations in those irrigated with well water. The values were
28.87, 16.95, 4225, and 72.26 mg kg1 for Zn, Cu, Fe & Ni in 1st farm and 42.4, 60.5, 11215, and
180 mg kg1 for the 2nd farm. The Pb in the soil of the 1st, 2nd and 3rd farms reached 63.01,
37.10 and 27.69 mg kg1, respectively. It can be concluded that all soil properties except pH had high
coefﬁcients of variation, indicating strong variability over space. The data of geo-statistical analysis
showed that only TDS and ESP in the 1st farm as well as OM in the 2nd farm had weak spatial
dependency while other properties had moderate or strong spatial dependency. Moreover, the
TDS and CaCO3 parameters of the 1st and 2nd farms had stronger nugget effects.
ª 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The increase in demand of water for agricultural production
has forced farmers to use treated municipal wastewater in05927855.
.M. Al-Omran).
Saud University.
g by Elsevier
y. Production and hosting by Else
001Saudi Arabia and many other countries located in arid or
semiarid regions (Al-Omran et al., 2004, 2011; Rattan et al.,
2005). The effects of the long use of wastewater on soil
properties have been documented with regard to heavy metals
(Rattan et al., 2005; Mapanda et al., 2005), and soil physical
and chemical properties (Tabari and Salehi, 2010).
Abedi-Koupai et al. (2006) showed that accumulation of Pb,
Mn, Ni and Co in the soil increased signiﬁcantly in the waste-
water treatment as compared to the groundwater treatment,
while (Friedel et al., 2000) reported that soil organic matter
and soil microbial increase with long term use of wastewater
irrigation. From the literature it is well known that the usevier B.V. All rights reserved.
168 A.M. Al-Omran et al.of wastewater in agriculture may result in deterioration of the
quality of the soil, in particular, creating sodic soils which ad-
versely affect soil’s physical properties and consequently a
reduction in yield (Emadi et al., 2008). Thus, the effects of
water quality on soils, crops and environment are of concern
to many people when the source of irrigation is wastewater
which may contain some elements capable of inducing harm
effects on soil and agricultural products. On the other hand,
there is a shortage in the information and the knowledge con-
cerning soil variability, which requires further investigations as
the variation in soil properties must be monitored to allow a
better management of soil and crop production (Lin et al.
2005). The factorial krigging analysis is a variant of kriging
that aims to estimate and map different sources of spatial var-
iability determined from the experimental variograms (Goova-
erts, 1992, 1998). This multivariate geostatistical technique
allows description of the spatial relationships, as well as sepa-
rating the sources of variation according to the spatial scales at
which they operate (Imrie et al., 2008). The parameters of vari-
ograms provide the essential spatial information for krigging,
which is a method of optional estimation for variable (McBrat-
ney and Webster, 1983; Vaezi1 et al., 2010). Wei et al. (2009)
reported on their study in soil of northeastern China that clas-
sical statistic indicated that total carbon (TC), total Nitrogen
(TN), silt, sand, clay content, and bulk density were moderate
variables, however geostatistical analyses showed that the spa-
tial autocorrelation for TC, TN was weak and strong for clay.
In another study in Turkey by (Cemek et al., 2007) reported
that soil properties indicated moderate to strong spatial depen-
dence (Karanlik et al., 2010), concluded that semi variograms
of all the total metal contents, pH, available Ni and Pb were
ﬁtted to spherical models and krigging was used to interpolate
values at unmeasured location on ﬁeld in Turkey. In the liter-
ature the classical statistics, which assumes completely inde-
pendent measurements, was found to be unsuitable for
capturing and describing spatial dependency (Cemek et al.,
2007; Emadi et al., 2008). On the other hand Geostatistics, a
rapidly evolving branch of applied statistics and mathematics
that offers a collection of tools, has been utilized extensively
to illustrate the spatial variability of a variety of natural phe-
nomena (Hoover and Wolman, 2005; Jackson et al., 2007),
as well as spatial characteristics of soil attributes (Martin
and Timmer, 2006; Buytaert et al., 2007; Brus and Heuvelink,
2007; Zuo et al., 2008; Syeda and Malik, 2011). Therefore, the
objective of this study was to investigate the effect of irrigation
for long periods from well and treated sewage efﬂuents on
some soil properties, as well as its relation to the spatial vari-
ability for some soil characteristics using geostatistical
methods.
2. Materials and methods
The current study was conducted on three fodder farms located
at 30–40 km southwest of Riyadh, Saudi Arabia. The 1st farm
(24 21 50= N&46 58 06= E) was irrigated with well water
for more than 30 years through center pivout irrigation system,
while the 2nd farm (24 21 20= N&46 56 00= E) and 3rd
farm (24 21 20= N& 46 56 50= E) were irrigated with sec-
ondary treated sewage efﬂuent for 15 years. Composite soilsamples (236 samples) were collected from the surface layer
(0–30 cm depth) by 50 · 50 m grid in the chosen three farms.
Soil samples were air-dried and gently crushed, thoroughly
mixed and passed through a 2 mm sieve, and stored for chem-
ical and physical analysis. Calcium Carbonate content was
determined using a calcimeter according to (Loeppert and
Suarez, 1996). Soil pH was measured using a glass electrode
in a saturation paste and the total soluble salts in the soil extract
were determined using a digital electrical conductivity meter
(Sparks et al., 1996). Particle size distributions were analyzed
according to (Gee and Bauder, 1996). Organic matter was mea-
sured according to the methods described by (Nelson and Som-
mers, 1996). The concentrations of Na and K were determined
using ﬂame photometer. The concentrations of Ca, Mg, Cl and
HCO3 were determined by titration. Sulfate (SO4) was deter-
mined using the turbidimetric method and the resulting turbid-
ity was measured by a spectrometer (Sparks et al., 1996).
Moreover, the total content of heavy metals (Fe, Mn, Cu,
Zn, Pb, Cd, As, Cr, Ni and Co) in the soil was determined after
digestion using the Hossner method (Hossner, 1996). Speciﬁ-
cally, soil samples were digested using HF–H2SO4–HClO4.
The concentrations of total metal were analyzed using ICP
(Perkin Elmer, Model 4300 DV).2.1. Statistical analyses
A classical statistics, with mean, variance and coefﬁcient of
variation CV, range .etc, was computed for each soil properties
with the assumption that the data are spatially independent.
Finally, descriptive statistics (range, median, SD, max, min,
etc. . .) was calculated using Manugistics (2000). Also Geosta-
tistical software (GS + 9.1, 2005) was used to construct semi-
variograms and spatial structure analysis for the data. The
theory of geostatistics and its application in soil science has
been described in details by Trangmar et al. (1985) and Web-
ster and Oliver (2001). A semivariogram displays the change
in the semivariance between soil samples as the distance be-
tween them increases. The semivariance function c(h) at a gi-
ven lag (h) is estimated using the following equation
(Trangmar et al., 1985).
cðhÞ ¼ 1
2NðhÞ
XNðhÞ
i¼1
½ZðxiÞ  Zðxi þ hÞ2
Where c(h) is the semi variance; Z the regionalized variable
(i.e., soil property); Z(xi) the measured sample at point xi;
Z(xi + h) the measured sample at point (xi + h) and N(h)
the number of pairs separated by distance or lag h.
The krigging estimate can be expressed as:
ZðXoÞ ¼
Xn
i¼1
kiZðXiÞ
where Z(Xo) is the estimate of unknown true value; ki the
weighted coefﬁcient and n the number of neighboring observa-
tion used in krigging
The kriged values were then used to produce maps for each
soil properties.
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3.1. Soil and irrigation water properties
Data in Table 1 clearly showed that the Na+, Ca2þ;Mg2þ; SO24
and Cl ions were the main dominant ions found either in the
well water (used for irrigating the 1st farm) or in the sewage
efﬂuent water(used for irrigating 2nd and 3rd farms). The val-
ues of pH, ECw, SAR, soluble Ca
2þ;Mg2þ;Naþ;Kþ;
CO23 ;HCO

3 ;Cl
 andSO24 were relatively higher in well water
compared to the treated sewage efﬂuent. Moreover, NO3 and
heavymetals (Ni, Cu, Zn, Cd, Pb andMn)were relatively higher
in the concentrations in treated sewage efﬂuent farms (Table 1).
On the other hand, data in Table 1 show that the soil of the 1st
farm was loamy sand in texture, while it was the sandy loam
for the other two farms. Also all the studied soil samples were
calcareous containing more than 10% CaCO3, which reﬂected
on low available soil phosphorus as well as micronutrients.
The soil salinity (EC values) in the soil of the 1st, 2nd and
3rd farms was 3.48, 2.20 and 2.21 dS m1, respectively. The
concentration of zinc in the soil of the 1st, 2nd and 3rd farms
reached 28.87, 45.96 and 19.51 mg kg1 respectively. The con-
centrations of Zn, Cu, Fe and Ni were relatively higher in the
soils of the 2nd & 3rd farms which irrigated with the treated
sewage efﬂuent than the well irrigated ones. The mean values
were 28.87, 16.95, 4225, and 72.26 mg kg1 for Zn, Cu, Fe &
Ni in the 1st farm and 42.4, 60.5, 11215, and 180 mg kg1 forTable 1 Mean values of soil and irrigation water characteristics.
Property Irrigation water
Well water Treated
SP (%) – –
pH 7.52 6.99
EC (dS m1) 3.12 2.58
TDS (mg L1) 1996.8 1651.2
Na+ (meq L1) 14.28 11.34
K+ (meq L1) 0.29 0.39
Ca2+ (meq L1) 8.25 9.5
Mg2+ (meq L1) 9.75 5.25
CO23 ðmeq L1Þ Nill Nill
HCO3 ðmeq L1Þ 3.25 3.51
Cl (meq L1) 15.25 11.25
SO24 ðmeq L1Þ 23.13 17.62
SAR 4.76 4.18
Sand (%) – –
Clay (%) – –
Silt (%) – –
Texture class – –
CaCO3 (%) – –
OM (%) – –
Bulk density (gm cm3) – –
NO3 ðppmÞ 5.14 9.07
Heavy metals ppb ppb
Ni 47.6 103
Cu 185 292
Zn 154 203
Cd 1.5 1.51
Pb 10.3 14.7
Mn 11.7 15.95
Fe Nd Ndthe 2nd farm. While Pb in the 1st, 2nd and 3rd farms were
63.01, 37.10 and 27.69 mg kg1, respectively.
3.2. Traditional statistics
From the classic statistics’ point of view data in Table 2 indi-
cated that the mean and median values of the majority of soil
properties measured at all studied farms were similar, with
median values generally slightly lower than the means, indicat-
ing dominant measures of central tendency. It is also obvious
that the soil properties are often distributed non-normally in
space, for example, the EC, ESP and CaCO3 parameters of
the 1st farm had a high skewness value greater than one imply-
ing that the frequency distributions were highly skewed. On
the other hand the respective higher skewness values were ob-
tained with the (EC;SO24 and OM) and (SO
2
4 and CaCO3) in
the 2nd and 3rd farms, respectively. Thus, especial care should
be taken in applying the transformation to stabilize the vari-
ance (Emadi et al., 2008).
The coefﬁcient of variation (CV) is an index of the overall
variation or heterogeneity of a given variable. The calculated
CV (i.e., the ratio of the standard deviation to the mean value
times 100) indicated that, all soil properties (except pH, ESP
and bulk density) of all studying farms had a CV between
16% and 59%, demonstrating a substantial variability within
the datasets (Table 2). The SO24 had the highest CV values fol-
lowed by salinity and CaCO3. This was true for all studiedSoil analyses
1st farm 2nd farm 3rd farm
27.15 32.56 27.67
7.84 7.69 7.43
3.48 2.20 2.21
2227.2 1408 1414.4
19.70 10.38 9.98
0.72 0.64 1.12
19.84 9.16 10.42
13.59 8.26 7.75
0.73 Nill Nill
3.76 1.40 7.67
49.14 9.14 8.2
26.07 12.27 11.77
4.82 3.51 3.31
85.00 71.00 73.00
10.00 16.00 15.00
5.00 13.00 12.00
Loamy sand Sandy loam Sandy loam
10.75 26.9 19.54
1.33 1.63 1.77
1.3 1.19 1.29
– – –
ppm ppm ppm
69.45 26.39 37.2
16.95 81.32 22.47
28.87 45.96 41.79
0.51 Nd Nd
63.01 37.1 27.69
72.26 175.3 225.15
4228 11415 11048
Table 2 Statistical summary and changes of the studied soil properties of the studying farms.
Property Average Median Max Min ST.D Variance Skewness Kurtosis CV (%)
First farm
pH 7.84 7.81 8.13 7.45 0.18 0.03 0.43 0.03 2.3
EC (dS/m) 3.48 3.44 11.18 2.81 0.87 0.9 6 1.84 25
SO24 meq L
1 26.07 25.37 58.81 6.09 15.36 236.07 0.51 0.45 58.92
OM (%) 1.33 1.35 2.59 0.52 0.44 0.19 0.69 1.37 33.08
ESP 51.19 50.66 55.97 49.97 1.49 2.23 2.5 6.11 2.91
Bd (g/cm3) 1.3 1.31 1.41 1.13 0.09 0.01 0.47 1.03 6.92
Clay (%) 10.29 10.18 13.28 3.28 2.41 5.82 0.9 1.3 23.42
CaCO3 (%) 10.75 10.42 18.25 7.64 1.8 3.23 2.67 11.21 16.74
Second farm
pH 7.69 7.74 8.01 7.32 0.18 0.03 0.36 0.57 2.34
EC (dS/m) 2.2 2.06 4.81 1.3 0.65 0.42 1.9 5.24 29.55
SO24 meq L
1 12.27 7.62 34.97 3.36 9.29 86.31 1.29 0.19 75.71
OM (%) 1.63 1.55 2.66 1.07 0.32 0.1 1.03 1.47 19.63
ESP 50.95 50.96 52.03 50.28 0.4 0.16 0.63 0.16 0.79
Bd (g/cm3) 1.19 1.18 1.35 1.04 0.09 0.01 0.31 0.47 7.56
Clay (%) 13.14 13.28 18.28 6.48 2.65 7.04 0.75 1.23 20.17
CaCO3 (%) 26.9 27.3 38.27 0.03 5.37 28.88 2.73 14 19.96
Third farm
pH 7.43 7.42 7.79 7.11 0.18 0.03 0.14 0.67 7.2
EC (dS/m) 2.21 2.15 4.14 1.11 0.61 0.37 0.98 1.31 1.95
SO24 meq L
1 11.77 10.12 25.78 6.57 5.2 27.05 1.37 0.9 –
OM (%) 1.77 1.7 2.81 0.96 0.48 0.24 0.57 0.46 1.63
ESP 50.89 50.85 51.41 50.56 0.19 0.04 0.84 0.44 –
Bd (g/cm3) 1.29 1.3 1.51 1.05 0.1 0.01 0.29 0.45 1.31
Clay (%) 15.08 14.88 24.88 7.68 3.9 15.19 0.25 0.15 13.88
CaCO3 (%) 19.54 18.83 33.7 10.98 4.67 21.8 1 1.54 17.92
Table 3 Best ﬁtted semivariogram models and model parameters for some soil properties of the studying farms.
Soil property Farm Model A0 range (m) Nugget (C0) Sill (C0 + C) C0/(C0 + C) Nugget ratio (%) r2
pH 1st farm Linear 108.98 0.033 0.033 1.000 100.00 0.066
2nd farm Gaussian 50.60 0.011 0.029 0.369 36.94 0.574
3rd farm Gaussian 530 0.0335 0.033 1.000 100.00 0.909
TDS mg L1 1st farm Spherical 8.60 175000 2390000 0.073 7.32 0.05
2nd farm Gaussian 46.30 100.00 169100 0.001 0.06 0.715
3rd farm Gaussian 60.10 100.00 17900 0.006 0.56 0.75
SO24 meq L
1 1st farm Exponential 212.10 125.90 412.80 0.305 30.50 0.222
2nd farm Gaussian 63.80 16.10 103.70 0.155 15.53 0.684
3rd farm Gaussian 64.70 0.100 31.95 0.003 0.31 0.891
ESP (%) 1st farm Gaussian 4.60 0.001 2.494 0.000 0.04 0.116
2nd farm Spherical 613.80 0.027 0.24 0.110 11.04 0.849
3rd farm Gaussian 48.50 0.0001 0.038 0.003 0.27 0.715
OM (%) 1st farm Exponential 60.40 0.076 0.248 0.308 30.83 0.266
2nd farm Exponential 30.00 0.20 0.106 0.154 15.44 0.05
3rd farm Gaussian 72.80 0.0001 0.277 0.000 0.04 0.899
Clay (%) 1st farm Gaussian 54.90 2.460 7.344 0.335 33.50 0.466
2nd farm Gaussian 59.30 0.010 6.328 0.002 0.16 0.837
3rd farm Linear 268.14 17.190 17.189 1.000 100.00 0.392
CaCO3 (%) 1st farm Spherical 23.20 0.001 2.502 0.000 0.04 0.253
2nd farm Gaussian 18.60 0.010 29.72 0.000 0.03 0.121
3rd farm Exponential 68.50 11.660 26.77 0.436 43.56 0.574
170 A.M. Al-Omran et al.farms either those irrigated with the treated sewage efﬂuent or
well water. It is interesting to note that the traditional statistics
cannot separate the different sources of spatial variability
affecting soil properties at the site surveyed. This required aparticular statistical approach that combines classical factor
analysis for describing the correlation structure of a multivar-
iate data set with geostatistics, to take into account the region-
alized nature of the variables, which will be discussed later.
Figure 1 Spatial distribution map for some selected parameters of the 1st farm.
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The spatial dependence of soil properties was determined by
semivariance analysis, which indicated that the tested variables
in each farm were modeled with linear, spherical, Gaussian or
exponential semivariograms with a nugget effect. Generally the
nugget effect can be deﬁned as an indicator of continuity at
close distances. And the soil properties with lower nugget ef-
fect were deﬁned by spherical semivariogram model. Obvi-
ously, data in Table 3 indicated that the semivariogram forthe studying parameters was differing from one farm to an-
other depending upon the type of studied parameter which
could be ﬁtted to linear, spherical, exponential, and Gaussian
models. Where C0 is the nugget, C0 + C is the sill, and A0
is the range (Robertson, 2008).
Based on the best ﬁtted semivariogram model, maps for
each variable can be obtained using an ordinary krigging inter-
polation, as shown in Figs. 1–3. The nugget value represents
the random variation which was derived from the inaccuracy
Figure 2 Spatial distribution map for some selected parameters of the 2nd farm.
172 A.M. Al-Omran et al.of measurements or variations of the properties that cannot be
detected in the sample range (Trangmar et al., 1985). The sill
value is the upper limit of the ﬁtted semivariogram model(Webster and Oliver, 2001). The ratio of nugget to sill indicates
the spatial dependency of the soil properties. The range of the
semivariogram represents the average distance through which
Figure 3 Spatial distribution map for some selected parameters of the 3rd farm.
Spatial variability for some properties of the wastewater irrigated soils 173the variable semivariance reaches its peak value. A small effec-
tive range implies a distribution pattern composed of small
patches. The cross-validation value is the determination coefﬁ-cient (r2) of the correlation between the measured values and
the cross-validation values, which were predicted based on
the semivariogram and neighbor values (Robertson, 2008).
Figure 4 Spatial distribution map for OM, EC and pH in reference to fodder growth in the 1st farm.
174 A.M. Al-Omran et al.Spatial dependency is commonly accessed in terms of the ratio
of nugget to sill expressed in percentage (Emadi et al., 2008;
Zuo et al., 2008). In this respect a low ratio (less than 25%
as was found for TDS, SO4, ESP and OM) means that a large
part of the variance is introduced spatially, implying a strong
spatial dependency of the variable. A high ratio (more than
75% as was found with pH in the 1st farm and clay & CaCO3
content in the 3rd farm) often indicates weak spatial depen-
dency in the present sampling resolution. It is very important
and interesting to note that the values of pH, ESP, and
O.M, in all studied farms have relatively low nugget effects
of the best-ﬁtted model. Additionally, all the other variables
have a moderate or strong spatial dependency. As the soil
properties with lower nugget effect were deﬁned by the spher-
ical semivariogram model, the low nugget effect showed the
homogeneous of soil properties. However, the higher nugget
effect can be related to the fodder vegetation and the presence
of micro heterogeneity on the sampling grids. The effective
ranges of OM reached 60.4, 30.0 and 72.8 m in the 1st, 2nd
and 3rd farm respectively, while the respective range of CaCO3
reached 22.2, 18.6 and 68.5 m and 54.9, 59.3 and 268.14 m
respectively for clay. It is needless to say that, the higher effec-
tive range indicates a large-patched distribution pattern
(Table 3). Furthermore the spatial variability of the pH values
of the 1st, 2nd and 3rd farms at a range equals to 108.98, 50.6
and 53 m, respectively. In this respect, Paz-Gonzalez et al.
(2000) pointed out a range from 6 to 7.5 m for 35 samplepoints of pH within a 10 · 10 m plot. On the other hand the
calculated nugget values may vary largely while sill values
usually remain almost the same with different applied models,
leading to a considerable variation in nugget/sill ratios (Table 3).
It is interesting to note that the low nugget effect at all studied
cultivated soils generally, showed the homogeneous of some soil
properties such as pH, ESP, O.M and somewhat CaCO3%.
Finally, an attempt was made to relate the ﬁnding of geo-
statistical analysis to the ﬁeld. In this respect, an aerial photo-
graph was obtained to the 1st farm for the same period of
taken soil samples. Data in Fig. 4 represent the results of
O.M, pH and EC values with an arrow and indicate the high
and low values of these parameters in the farm which corre-
sponds to high or low yield as indicated by the color of the
plants. Obviously, the areas which are characterized by rela-
tively low soil salinity levels, high O.M content and low pH
values are the same areas that have a relatively better and
healthy plant growth. Meanwhile, the areas having a relatively
weak plant growth has a relatively high soil EC and pH values
as well as low O.M content.
4. Conclusions
The results of this study indicated that classical statistical anal-
ysis cannot separate the different sources of spatial variability
affecting soil properties at the site surveyed. However, from
the geo-statistical point of view it can be speculated that only
Spatial variability for some properties of the wastewater irrigated soils 175TDS and ESP in the 1st farm as well as OM in the 2nd farm
had weak spatial dependency while other properties had mod-
erate or strong spatial dependency. Moreover, the TDS and
CaCO3 parameters of the 1st and 2nd farms had stronger nug-
get effects (smaller nugget/sill percentage). Therefore, it could
be concluded that a study on the spatial variability of sampling
sites may lead to a proper understanding of the situation of
existing farm soils by making it easier to have good manage-
ment and maintaining the sustainability of productivity.
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